The parent Escherichia coli K-12 is constitutive for the enzymes of the glyoxylate bypass and adapts to growth on long-chain fatty acids (C12 to C18). It does not utilize medium-chain (C6 to C11) or short-chain (C4, Ca) n-monocarboxylic acids. Several mutants of this strain which grow using short-or medium-chain acids, or both, as the sole carbon source were selected and characterized. One mutant (D,) synthesizes the (-oxidation enzymes constitutively and grows on medium-chain but not on short-chain acids. A second (N3) is partially derepressed for synthesis of these enzymes and grows both on medium-chain and on short-chain acids. Secondary mutants (N3V-, N3B-, N3OL-) were derived from N3. N3VW grows on even-chain but not on odd-chain acids and exhibits a lesion in propionate oxidation. N3B-grows on odd-chain but not on even-chain acids and exhibits no crotonase activity as assayed by hydration of crotonyl-CoA. N30L-grows on acetate and propionate but does not utilize fatty acids C4 to C18; it exhibits multiple deficiencies in the (-oxidation pathway. Growth on acetate of N3, but not of the parent strain, is inhibited by 4-pentenoate. Revertants of N3 which are resistant to growth inhibition by 4-pentenoate (N3PR) exhibit loss of ability to grow on shortchain acids but retain the ability to grow on medium-chain and long-chain acids. The growth characteristics of these mutants suggest that in order to grow at the expense of butyrate and valerate, E. coli must be (i) derepressed for synthesis of the (3-oxidation enzymes and (ii) derepressed for synthesis of a short-chain fatty acid uptake system. Escherichia coli grows on acetate (7), propionate (26), and long-chain fatty acids (10, 11, 23) by adaptive phenomena. Fatty acids C4 to C11 do not support growth of wild-type strains. It has been demonstrated in E. coli K-12 (10) that growth in the presence of long-chain acids results in coordinate derepression of synthesis of the enzymes of the (3-oxidation sequence and of a fatty acid acyl-CoA synthetase. This synthetase activated fatty acids C8 to C18 but did not show activity with hexanoate or butyrate. Two fatty acid acyl-CoA synthetases were reported (15, 16) in another K-12 strain cultured on oleate. One exhibited maximum activity with long-chain acids, whereas the other had maximum activity with hexanoate as substrate.
Escherichia coli grows on acetate (7), propionate (26) , and long-chain fatty acids (10, 11, 23) by adaptive phenomena. Fatty acids C4 to C11
do not support growth of wild-type strains. It has been demonstrated in E. coli K-12 (10) that growth in the presence of long-chain acids results in coordinate derepression of synthesis of the enzymes of the (3-oxidation sequence and of a fatty acid acyl-CoA synthetase. This synthetase activated fatty acids C8 to C18 but did not show activity with hexanoate or butyrate. Two fatty acid acyl-CoA synthetases were reported (15, 16) in another K-12 strain cultured on oleate. One exhibited maximum activity with long-chain acids, whereas the other had maximum activity with hexanoate as substrate.
Mutants of E. coli K-12 which are permanently derepressed for synthesis of the enzymes of (3-oxidation have been described previously (10, 23) . Such mutants grow on decanoate but not on the C4 or C6 fatty acids. The present study provides further evidence that short-chain and medium-chain fatty acids, even under conditions where they are activated and metabolized, are unable to derepress the A-oxidation operon. For growth to occur on fatty acids with less than twelve carbons, a mutation is required which allows these enzymes to be synthesized constitutively. In the K-12 strain studied here, a single mutation appears to coordinately derepress synthesis of the A-oxidation enzymes and of a longchain and a medium-chain fatty acid-activating enzyme. Such mutants grow by using fatty acids Cff to C11 as the sole source of carbon but do not grow on butyrate or valerate. A second mutation which confers ability to uptake short-chain acids is necessary for utilization of the latter substrates.
MATERIALS AND METHODS
Materials. All fatty acids were used without further purification. Commercial sources were: butyric, hexan-SALANITRO AND WEGENER pentenoic (City Chemical Corp., N.Y.); 2-butenoic, 3-butenoic, 2-decenoic, 2-dodecenoic, and 2-hexadecenoic (Pfaltz and Bauer, Inc.). Radioactive fatty acids were labeled with 14C in the C-1 position and obtained from Amersham/Searle Corp.
Substrate terminology. In this communication, nmonocarboxylic acids having a chain length of C4 (butyrate) or C, (valerate) are designated as short-chain acids. Fatty acids of chain length C6 to C,1 are designated as medium-chain acids and C12 to C18 as longchain acids. Unsaturated fatty acids are designated -enoic acids (e.g., 4-pentenoic refers to the A 4,5 unsaturated C, acid).
Strains. The parent E. coli is a K-12 derivative (D,H,G7) constitutive for the glyoxylate bypass enzymes and auxotrophic for histidine and thiamine (27) . For mutant selection, cells were subjected to ultraviolet light treatment, incubated in mineral salts media containing an appropriate fatty acid; and purified on corresponding solid media. Mutants Ns and D1 were selected by using nonanoate and decanoate, respectively, as the sole source of carbon. All strains were maintained on Trypticase soy agar and were stable after repeated subculture.
Cultural conditions. The mineral salts medium has been described (24) . Fatty acids were neutralized with NaOH, sterilized by filtration, and added as the sole source of carbon at the following concentrations: C2 to C9, 20 mM; C1, to C1, and oleate, 5 mm; and C16 and C18, 2.5 mM.The initial pH of the medium was 7.0. Fatty acids having six or more carbons were solubilized by using Brij-35 (final concentration in the medium of 0.4%). Brij-35 does not alter growth rate on succinate or on fatty acids C2 to C5.
To determine growth rate, cells were cultured in 250-ml nephelometer flasks containing 25 ml of medium aerated by shaking at 37 C. Media were inoculated to an initial turbidity of approximately 5 Klett units. Washed cells, grown in succinate minimal media to the mid-log phase, were used as the inoculum. Turbidity was monitored at 540 nm with a Klett-Summerson colorimeter, and the specific growth rate, a, was calculated as defined by: a = (2.303 log N,/Nl)/(t2 -tl) where N2 and Nl are the optical densities of the culture in the time interval t2 -t, (6 Parent (B-V-)
Derivation of short-chain fatty acid mutants. B+, B-, V+, and V-refer to growth or no growth, on butyrate or alerate, respectively. grows on C, but not C5; and N3OL-does not grow on fatty acids C, to C18. N3PR was selected from N, by ability to grow in acetate media in the presence of 4-pentenoic acid. It concomitantly has lost the ability to utilize butyrate and valerate. D1 was selected on decanoate and is similar to the ,B-oxidation-constitutive mutants described previously (11, 23) . D1 grows on medium-chain but not on short-chain fatty acids. Table 2 compares the specific growth rate, a (fraction of cells which increase per unit of time during exponential growth), of the parent and mutants grown at the expense of straight-chain fatty acids. Several aspects are notable.
(i) Growth of the parent is not supported by fatty acids with less than 12 carbons. Above C12, an increase in chain length is correlated with an increased a, suggesting a direct relationship between chain length and capacity to derepress the ,-oxidation operon. A proportional relationship between chain length and the level of activity of several ,B-oxidation enzymes was reported in the K-12 strain studied by Overath et al. (10) . 2-Dodecenoate and 2-hexadecenoate (not shown in Table 2 ) do not support growth of the parent strain but are metabolized by the j3-oxidationconstitutive mutants.
(ii) Both N3 and D1 synthesize the ,B-oxidation enzymes constitutively. However, the mutants differ in degree of derepression of enzyme synthesis as measured by enzyme activity formed during growth on acetate. Unlike the parent, D1 exhibits a constant specific growth rate (0.21 to 0.23) on fatty acids C10 to C18. In contrast to D1, N3 exhibits a lower a on fatty acids C1O to C12 (0.14 to 0.16) than on fatty acids C14 to C16 (0.23 to 0.24). This is in agreement with the finding that D1 is fully derepressed whereas N3 is only partially derepressed for synthesis of the /#-oxidation enzymes. In this mutant as in the parent, fatty acids with a chain length less than 12 to 14 carbons would appear to be unable to cause derepression of the ,B-oxidation operon.
(iii) Both N, and D1 exhibit specific growth rates on fatty acids C, to C, of approximately one-half of that shown on the C10 to C12 acids. These data may reflect distinct activation systems for fatty acids C, to C9 and for fatty acids (14) suggest that N3 possesses an additional mutation such that cells take up short-chain acids. N,,PR (4-pentenoate-resistant revertant of N3) is comparable to N3 with respect to growth on long-chain and medium-chain acids. It does not grow on C4 or C8, grows slowly on C6, and appears to have lost the ability to take up shortchain acids.
(v) N3B-is similar to N3 with respect to growth on odd-chain fatty acids but does not utilize even-chain acids Co to C12 and grows slowly on tetradecanoate and oleate. This suggests the possibility that the ,-oxidation of odd-chain and even-chain acids in E. coli may involve at least one step catalyzed by distinct enzymes. Table   7 ) indicate that N3V-has a lesion in propionate oxidation.
(vii) Mutant N30L-(not shown in Table 2) grows on acetate and propionate but not on fatty acids C4 to C,8. Enzyme assays (see Table 6) indicate that this mutant lacks activity of multiple ,8-oxidation enzymes. Utilization of unsaturated and substituted fatty acids. Utilization of medium-and short-chain fatty acids. Medium-chain fatty acids support growth of ,@-oxidation-constitutive mutants but inhibit growth of the parent strain on acetate (Table 4) . It is suggested that, in the parent, medium-chain acids penetrate the cell but are not activated and do not derepress the ,-oxidation operon. Degree of inhibition of growth increases with chain length up to C9 and then decreases. Fatty acids having 12 carbons or more support growth of the parent. It would be predicted that ability to penetrate the membrane should increase with chain length. The fact that growth inhibition by hexanoate is intermediate between that shown by short-and medium-chain acids may reflect a low degree of penetration by this substrate. In this respect, it should be noted that the specific growth rate of the D1 mutant on hexanoate was considerably less than on fatty acids C7 to C, (see Table 2 ). It also may be that the C8 and C, acids are especially toxic to an essential biosynthetic or catabolic process. Toxic effects of these acids have been reported in other bacteria (5, 13) and in animal tissues (22) . aThe parent strain was cultured in an acetate-mineral salts medium with or without addition of fatty acids. Fatty acid concentrations were C4 and C, (10 mM) and C, to C,1 (5 mM).
',Growth was assayed as turbidity after 12 hr of incubation, and inhibition is expressed as per cent decrease relative to the control. We previously reported (25, 26) that the major pathway of propionate metabolism in E. coli is a-oxidation to pyruvate. Since N3V-grows on lactate, the lesion appears to be in the formation rather than utilization of pyruvate. Enzyme extracts of N3 and N3V-catalyze the formation of propionyl-hydroxamate from propionate, CoA, adenosine triphosphate (ATP), and hydroxylamine to the same extent, and it is probable that the lesion in N3V-is not in propionate activation. Further studies are required to demonstrate the nature of the lesion. It is suggested that N3V-is unable to grow on odd-numbered fatty acids because the oxidation of such acids results in the formation of propionyl-CoA. In this mutant, propionyl-CoA can not be oxidized to pyruvate, and, as a result, CoA is tied up as a non- bCells were preincubated at 37 C in the presence or absence of the indicated fatty acids (3 mM) for 10 min before addition of radioactive substrate.
'The rates of "4C0 evolution from valerate-1-14C and from propionate-1-14C, respectively, shown by N3 were assigned a value of 100, and other rates are expressed as a relative percentage. utilizable acyl-ester resulting in depletion of the CoA pool. Alternatively, it is possible that accumulation of propionyl-CoA or a further metabolite inhibits key metabolic processes.
DISCUSSION
Relatively few studies have dealt with regulation of growth of bacteria on fatty acids as the sole source of carbon. Serratia marcescens and Bacillus brevis oxidize medium-chain fatty acids after a lag but not short-chain acids (18, 19) . In the same study, Pseudomonas aeruginosa and Neisseria catarrhalis oxidized the C9 and C,0 fatty acids without a lag and may be constitutive for the ,3-oxidation enzymes. A number of aerobic pseudomonads (1, 12) utilize short-, medium-, and long-chain acids as the sole source of carbon, as do the Acinetobacter group (3) and the fungus Cunninghamella echinulata (8) . Butyrate and valerate are metabolized by Clostridium (2) and by Streptococcus mitis (28), apparently by constitutive pathways.
Regulation of metabolism of long-and medium-chain fatty acids in E. coli K-12 was studied by Overath et al. (10, 11) and by Weeks et al. (23) . These authors suggest that fatty acids with less than 12 to 14 carbons do not support growth of K-12 because they are unable to derepress the ,3-oxidation operon. This is in agreement with the data presented here. Furthermore, data concerning enzyme activities formed by the N3 mutant grown on medium-and short-chain acids (Table 6) hibits maximum activity with hexanoate, the other with long-chain acids. There does not appear to be significant activation of butyrate by the medium-chain synthetase. A guanosine triphosphate-dependent synthetase active with short-chain fatty acids has been found in animal tissues (17) . An acetyl-CoA:butyrate transferase activity has been described for Clostridia (20) and for E. coli K-12 (21) .
The specific growth rates of the f,-oxidationconstitutive mutants described in the present study (see Table 2 ) are consistent with the possibility that there are three physiologically distinct entry and/or activation systems for straightchain fatty acids: one for fatty acids C,, and C5, another for fatty acids C. to C, and a third for fatty acids C10 to C18. It should be emphasized that this hypothesis is based only on growth rate data. The possibility that a single protein activates both long-and medium-chain acids but at different rates cannot be excluded. While the activation system(s) for long-chain and mediumchain fatty acids is coordinately derepressed with the $-oxidation enzymes, the entry or activation, or both, of short-chain acids requires an additional mutation. The finding that, in the D1 ,Boxidation-constitutive m utant, the specific growth rate on fatty acids C, to C9 is significantly lower than that exhibited on the C10 to C18 substrates suggests that the rate of fatty acid entry or activation or both may be a rate-limiting step in the oxidation pathway.
The behavior of the N3B-mutant is of interest and requires further investigation. This mutant grows on odd-chain fatty acids at the same rate as does the N3 parent but does not grow on evenchain acids C4 to C,1 and grows slowly on oleate. Revertants which grow on butyrate regain the ability to grow quickly on oleate and vice versa. No crotonase activity was detected in cells grown at the expense of oleate or valerate as assayed by hydration of crotonyl-CoA. The behavior of this mutant suggests the possibility that A-oxidation of odd-and even-chain fatty acids may involve at least one step which is catalyzed by distinct enzymes, one specific for odd-, the other for even-chain acids. It would be of interest to compare the relative activity of various /3-oxidation enzymes in N3 and N,3B-by using, as substrates, the appropriate acyl-CoA esters of both the C4 and C5 acids. N3V-grows on evenbut not odd-chain acids because of a lesion in the propionate oxidation pathway. This indicates that odd-chain fatty acids are metabolized via a ,B-oxidation and not an a-oxidation pathway.
The data presented suggest that short-chain acids do not penetrate the parent K-12 strain at pH 7. Medium-chain acids penetrate but appear not to be activated by the parent. For growth to occur on butyrate and valerate, two mutations are required: (i) a mutation which allows the enzymes of /3-oxidation to be synthesized constitutively and (ii) a mutation which allows for uptake of butyrate and valerate. The latter aspect is dealt with in the accompanying report (14) .
The N3 mutant grows on 2-butenoate and 3-butenoate, and growth is inhibited by 4-pentenoate. N3PR, which is pentenoate-resistant, has concurrently lost the ability to utilize butyrate and valerate. These data are consistent with the possibility that in N3 the saturated C4 and C5 acids and the unsaturated short-chain acids may be taken up by a common system. It also is possible that these substrates are concentrated by distinct uptake systems which are regulated coordinately. The mutation characterizing N3 does not permit uptake of the 2-methyl-substituted short-chain acids. The 2-hydroxy-and 2-aminosustituted short-chain acids penetrate the parent and hence do not enter via the short-chain fatty acid uptake system. The fact that 3-butenoate is utilized suggests that the double bond can be 
